Complex social structure in eusocial insects can involve worker morphological and behavioural differentiation. Neuroanatomical variation may underscore worker division of labour, but the regulatory mechanisms of size-based task specialization in polymorphic species are unknown. The Australian weaver ant, Oecophylla smaragdina, exhibits worker polyphenism: larger major workers aggressively defend arboreal territories, whereas smaller minors nurse brood. Here, we demonstrate that octopamine (OA) modulates worker size-related aggression in O. smaragdina. We found that the brains of majors had significantly higher titres of OA than those of minors and that OA was positively and specifically correlated with the frequency of aggressive responses to non-nestmates, a key component of territorial defence. Pharmacological manipulations that effectively switched OA action in major and minor worker brains reversed levels of aggression characteristic of each worker size class. Results suggest that altering OA action is sufficient to produce differences in aggression characteristic of size-related social roles. Neuromodulators therefore may generate variation in responsiveness to task-related stimuli associated with worker size differentiation and collateral behavioural specializations, a significant component of division of labour in complex social systems.
Introduction
Colony organization in complex insect societies is based on division of labour. Differentiation of sterile workers into polymorphic subcastes specialized on tasks according to morphology is widespread and has evolved independently in diverse eusocial insect taxa [1] [2] [3] [4] [5] . Some ant species have evolved morphological variation based on growth allometries in association with discretized and potentially size-constrained worker behavioural repertoires [6, 7] . Although the number of polymorphic ant species is relatively small, striking physical caste structures characterize the most socially advanced and evolutionarily successful species, including the fungus-growing ants, army ants and members of the hyperdiverse genus Pheidole [1] . Concomitant with increased behavioural specialization, size-variable workers may respond differently to social signals and cues [6, 8] ; this variation has a significant function in the collective organization and ecology of social insect colonies [9] . Worker polyphenism has been demonstrated to be under hormonal [10, 11] and genetic [12, 13] control. Neuroanatomical differentiation accompanies polymorphism [14, 15] , and neuropeptides have been suggested to regulate division of labour [16] . The role of neuromodulators in worker size-based behavioural differentiation, however, remains poorly understood.
Biogenic amines such as dopamine (DA), serotonin (5-HT) and octopamine (OA) are neurotransmitters that affect sensorimotor systems and behaviour in insects [17 -21] . Recent investigations in ants suggest linkages between neurotransmitters and colony organization by correlating monoamine brain titres and social behaviour [22, 23] or causally linking amines to behaviour through pharmacological manipulations of brain neuromodulator levels [24, 25] . Monoamine titres in the brains of worker ants are associated with age-related task performance [26] and possibly genetic variation [22] . Studies indicate that biogenic amines can be correlated with worker body size [19, 22, 27] , but their causal role in the genesis of behavioural diversity among polymorphic workers has not been demonstrated.
The morphological differentiation of worker subcastes in ants often involves variation in worker aggression in the context of defence of nest and territory [6, 28] . Worker phenotypes specialized on colony security are larger in body size, physically adapted for fighting [7, 29] and quick to respond aggressively to threats from intruders. The Australian weaver ant, Oecophylla smaragdina, considered to be one of the most socially complex invertebrates [30] , can serve as a model to advance our understanding of the neuromodulation of worker size-related division of labour. Oecophylla smaragdina, which cooperatively construct arboreal nests from leaves 'woven' together by silk produced by larvae, dominate rainforest canopy through their large colony size, social organization and territoriality [30] . Weaver ant task specialization is based on worker size: small minor workers generally care for brood within nests, whereas larger major workers construct nests, forage and aggressively maintain exclusive territories by preventing intrusion from neighbouring conspecific [30] [31] [32] [33] and interspecific [34] competitors. As many as approximately 500 000 workers inhabit a single colony, and territories may span 1500 m 2 [31] . The iconic aggressive threat posture of majors during territorial defence is marked by flaring the mandibles while raising the gaster (figure 1). We tested the hypothesis that division of labour by morphologically differentiated workers in complex insect societies is regulated by biogenic amines. We examined variation in levels of monoamines between O. smaragdina minor and major workers and determined their role in controlling subcaste-specific differences in aggressive behaviours associated with territorial defence.
Material and methods (a) Colony collection and maintenance
Oecophylla smaragdina colonies were collected from approximately 1 km 2 of savannah woodlands on the James Cook University campus in Townsville, Queensland, Australia. Depending on colony size, multiple 19 Â 10 Â 13.5 cm Fluonw-lined plastic boxes connected by plastic tubes or a single 52 Â 30 Â 40 cm box were used to house colonies. Colonies were fed 1 : 3 honey water and flies or crickets every other day ad libitum and were kept on a 12 L : 12 D cycle at 55% humidity and 25.58C.
(b) Aggression assays
Fully pigmented, mature major (average head width 1.57 mm, range 1.31-1.71 mm) and minor (average head width 1.02 mm, range 0.93-1.16 mm) O. smaragdina workers from two colonies were allowed to habituate in a 5 cm diameter closed Petri dish for 1 min. A non-nestmate conspecific mature major worker collected from a colony not adjacent to the colony of the focal worker was used as an intruder stimulus and was gently placed in the dish after removing a small segment of one pretarsus to distinguish focal ants. Behavioural categories were defined to characterize the full range of O. smaragdina aggressive actions [32, 35, 36] . Behavioural responses directed towards non-nestmates were quantified for 5 min. The number of times a focal worker performed a particular action was tallied according to the following categorization of aggression using a behavioural scale of 1-6, with 6 being the highest level of agonistic response:
(1) Non-aggressive behaviour such as reversing direction to avoid a non-nestmate or not altering behaviour when located within an antenna-length from a non-nestmate. To compare response frequencies, we divided behaviours into three categories: non-aggressive behaviours, olfactory assessment and aggressive actions (e.g. flared mandibles, startle posture, lunging and biting), as described in our categorization. Within these categories, frequencies of behaviours performed were recorded and analysed. To account for variation in activity levels and time spent interacting with non-nestmates, each worker was also given an aggression score calculated as the product of the number of times a worker performed an action in a given category and the level of aggression, divided by the total number of responses recorded during the assay [32] .
The degree of aggression between O. smaragdina and conspecifics may vary depending on colony proximity [32] , genetic relatedness [33] and the intensity of ecological interaction between O. smaragdina and interspecific competitors [34] . Therefore, we performed additional aggression assays with behaviourally mature major and minor workers from three weaver ant colonies and workers from queenright colonies of Atta cephalotes, an ant species that does not overlap geographically but nevertheless elicits a strong aggressive response. Using A. cephalotes workers, which are polymorphic, as a model stimulus also allowed us to match intruder body size to that of O. smaragdina major workers. A single A. cephalotes media worker was grasped with forceps (Dumont No. 5, Inox, standard) at the petiole and inserted through rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150704 a 2 mm hole in the side of a Petri dish (5 cm diameter). A weaver ant worker was then placed in the closed dish. Ants acclimated for 5 min and were then observed for 10 min. Behaviours were quantified using the scale described above. All behavioural assays were filmed using a Canon FS400 camcorder. Petri dishes were cleaned with 70% ethanol between trials. Each focal ant was tested once and stimulus ants were not used more than three times.
(c) Biogenic amine analysis
Immediately after interspecific assays were completed, worker head width was measured and brains of majors and minors were prepared to quantify monoamine titres using high-performance liquid chromatography with electrochemical detection (HPLC-ED). Workers from two colonies were used in these analyses. Brains were dissected from the head capsule in cold Insect Ringer's solution following established monoamine quantification methods [24] . Cuticle, which contains DA, was meticulously removed to ensure samples were not contaminated and brain concentrations of DA were thus accurately measured. Brains were then homogenized in a microcentrifuge tube containing 55 ml of mobile phase solution (50 mM citrate/acetate buffer, 1.5 mM sodium dodecyl sulfonate, 0.01% triethylamine and 22% acetronitrile in MilliQ water; modified from [24] to optimize OA quantification) and kept on ice to prevent amine degradation. Solutions were centrifuged at 1500 r.p.m. for 10 min at 08C and injected into the HPLC-ED system (model 584 pump, model 5020 guard cell, model MD-150 reversed-phase analytical column, model 5011A dual-channel coulometric analytical cell, and a Coulochem III electrochemical detector; ESA Inc., Chelmsford, MA, USA). Electrode potentials were 375 mV for the first channel, which measured 5-HT and DA, and 600 mV for the second channel, which measured OA. External standards of 5-HT, DA and OA were run daily.
Workers from two colonies of O. smaragdina encompassing the full body size spectrum were analysed separately to determine the relationship between head width and brain mass. Brains were dried for 48 h and weighed on a microbalance (Sartorius CP 2P figure S1 ). Environmental humidity and the limit of accuracy and resolution of the microbalance likely account in part for variability in brain measurements. Because brain sizes varied between and within subcastes, titres of biogenic amines were scaled to both head width and estimated brain mass.
(d) Pharmacological manipulations of octopamine
Epinastine (EPN), a specific OA receptor antagonist [37] , was used to decrease OA action in mature majors. OA-specific synthesis inhibitors have not been developed and thus could not be employed to lower OA titre. To orally administer EPN, 30 -50 workers were placed in a Fluon w -lined box and provided 10 mM EPN in a 3 : 1 honey water solution or 3 : 1 honey water as a control. Both solutions were dyed with red food colouring to confirm that ants had ingested drug-treated and control solutions. Only ants with red-coloured fluid visible in the crop were tested. Dosage was determined in a series of trials that began with a concentration of 20 mM EPN in 1 : 3 honey water [38] . However, this solution produced a strongly aversive response and the dose was lowered to increase its palatability to majors. Intraspecific aggression assays were conducted using workers from two colonies 1 -3 h after solution ingestion as described above, except observation time was increased to 10 min for more robust behavioural quantification. Intraspecific assays were used because of their ecological relevance; they also produced similar results to those of interspecific assays. Additionally, worker activity was assayed to determine whether gross locomotion was systemically affected by treatments. Workers were placed in a closed Petri dish (8.5 cm diameter) with lines dividing the bottom into four equal quadrants; ants were allowed 1 min to habituate. Worker movement among quadrants made during a 5 min period was recorded to quantify activity.
To increase brain levels of OA, 0.5 ml of 10.5 mM OA in dimethylformamide (DMF) was topically applied to the thoraces of mature minors from two colonies following methods established in honeybees [39] . The amount of solution applied was reduced owing to the smaller body size of minor workers. OA application was used rather than a receptor agonist to allow quantification of brain OA titres, ensuring titres were elevated after treatment. Controls received topical applications of 0.5 ml DMF. The timings of behavioural assays and dissections were based on sampling times described in [39] . Minors were tested 15-30 min after treatment. Intraspecific aggression assays and activity assays were conducted as described in the EPN experiment. Immediately after testing, ants were placed on ice. Treated workers were repeatedly washed in MilliQ water to rinse any OA potentially remaining on the cuticle and minimize contamination. Brains were then dissected and prepared for HPLC-ED analysis 45-60 min after treatment. Biogenic amines were measured as described above, except the electrode potential for the first channel was 425 mV and 600 mV for the second channel. Changes in sensitivity associated with routine equipment maintenance prevented the accurate comparison of absolute amine titres in interspecific and OA manipulation assays.
(e) Statistical analysis
Aggression scores and the frequency of behaviours in response categories (non-aggressive behaviours, olfactory assessment and aggressive actions) of subcaste or treatment groups were compared using non-parametric Mann -Whitney U-tests. Simple linear regression analyses were used to determine the relationship between amine titre and the natural log of the frequency of behaviours in each category. We added one to all frequencies to correct for frequencies of zero within behavioural categories [40] . We used Bonferroni correction [41] for multiple comparisons of behaviour frequencies and simple linear regression analyses: p , 0.017 and p , 0.0056, respectively, were considered statistically significant. Biogenic amine titres and movement assays were compared with Student's t-tests. Summary statistics are presented as mean + 95% confidence intervals and all statistical analyses were performed using JMP PRO 11 statistical software.
Results
(a) Worker subcaste-related aggression in response to intraspecific and interspecific ants 
Discussion
Morphological subcastes and behavioural differentiation have coevolved in social insects [42] . To understand the control rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150704 mechanisms associated with division of labour by physical caste, we assayed major and minor worker aggression in the context of intruder recognition and territorial defence, quantified monoamine neurotransmitter levels in individual worker brains and pharmacologically altered monoamine action. Using a socially complex ant species as a model, we determined that OA can act as a modulator of task specializations characteristic of worker physical castes. Major workers of O. smaragdina, renowned for their stereotypical territorial aggression, had significantly higher titres of OA than minors, whose labour appears to be primarily focused on within-nest tasks such as nursing. 5-HT was significantly higher in minors when scaled to head width. However, only OA titre scaled to estimated brain mass or head width was positively and specifically correlated with frequencies of aggressive responses triggered by nestmate recognition stimuli that allow territorial intruders to be detected. DA and 5-HT did not appear to regulate aggression, olfactory assessment, or non-aggressive responses towards intruders. These results could be explained by a direct effect of OA on aggression, an effect of OA on nestmate recognition [43] , and/or a positive effect of aggression on OA expression [38, 44] , all supporting a function of OA in the task specializations of polymorphic weaver ant workers. Effectively switching OA action in major and minor worker brains by pharmacological treatments reversed the aggression level characteristic of each worker subcaste. Although we cannot rule out the possibility that aggressive encounters caused an increase in OA titres [38] , we nonetheless provide pharmacological evidence that OA contributes to the behavioural differentiation of major and minor workers with respect to aggressive behaviour. Our study is the first to demonstrate that neuromodulators can underscore size-related variation in worker responsiveness to task-related stimuli-a core element of division of labour for socially complex polymorphic insects.
The results of our pharmacological manipulations of OA in both major and minor workers suggest that OA specifically impacts aggressive behaviour without affecting general activity. We are confident that using interspecific assays for correlative analyses and intraspecific assays involving drug manipulations did not bias our results or interpretation because significant subcaste differences were seen in both assays. The use of an OA antagonist to block monoamine action and OA topical application to increase monoamine titre produced results consistent with those of studies in other insects: our treatments therefore effectively altered OA action in the manner intended [37, 39] . Majors treated with EPN had lower aggression scores than controls, suggesting that inhibiting OA action decreased aggressive behaviour. There was no difference in the frequency of aggressive actions between treatment groups, which may be owing to a change in the ratio of aggressive to non-aggressive acts rather than a change in the absolute frequency of aggressive behaviours. Inter-individual variation in both groups may also lead the discrepancy. Variation in the experimental group could have been a result of majors ingesting different amounts of EPN, which we could not quantify. Minors with increased OA titres exhibited higher aggression scores than controls and had a greater frequency of aggressive acts. Non-aggressive actions, olfactory assessment and rates of movement were similar across treatment groups, indicating that increasing OA specifically increased aggressive actions and did not affect overall activity or behavioural responsiveness. Contrasting with our results, OA has been shown to affect general activity in other insects [45, 46] . However, worker activity during the aggression assay, which was not measured, may be affected by OA.
The causal relationship between OA and aggression in O. smaragdina could be owing to an enhanced ability to recognize non-nestmate cuticular hydrocarbon profiles, an effect on motor outputs generating aggression [45] , or both. These behaviours are closely linked in ants: nestmate recognition enables workers to distinguish colony-specific chemical signatures and is therefore crucial for defending nest and territory from intruders [43] . OA has previously been implicated in both nestmate recognition and aggression in insects and other invertebrates [19,45,47 -51] . The causal coupling of OA and aggression towards non-nestmates in O. smaragdina worker subcastes is consistent with the conserved neuromodulatory function of OA. However, the role of biogenic amines in modulating aggression is complex and varies among invertebrates [52] [53] [54] . For example, the role of 5-HT in decreasing aggression in some species [53, 54] is supported by our data, which show significantly higher 5-HT titres in minors than majors when scaled to head width. 5-HT may be modulating behaviours associated with decreased aggression such as retreat or reduced impulsivity [47] . Allometric relationships of brain mass and head width may account for the observed inconsistencies in amine titre comparisons between subcastes. The role of monoamines in the control of social behaviour in ants and other eusocial insects is unclear, largely owing to the sampling of only approximately 10 of the more than 14 000 described species of ants and the lack of broader phylogenetic analysis of the evolution of aminergic systems in the Hymenoptera. Aminergic systems affected by gene expression [55] could regulate the behavioural differentiation that accompanied the evolution of physical castes and task specialization in eusocial insects [22, 56] . The mechanistic relationships between genes, neuromodulators and behavioural specializations associated with worker morphology, however, are poorly understood. Genetic techniques developed in Drosophila have targeted specific aminergic circuitry, enabling detailed analyses that may provide insight for ants [54, 57] . Direct relationships between genes and phenotypic differentiation are nevertheless not well defined in ants. Gene expression has been suggested to control subcaste differences in task performance and plasticity [12, 58, 59] . In the completely dimorphic ant Pheidole pallidula, changes in foraging or defence in major workers are correlated with the expression of the PPFOR protein in a small number of cells; this does not occur in minors [60] . Downstream neurobiological effects contributing to division of labour between subcastes and the higher defensive aggression shown by major workers have not been determined in P. pallidula or other ants; however, studies on honeybees suggest the nature of the mechanisms involved [61] .
Morphology, neuroanatomy and behaviour are interrelated in brain evolution [62] [63] [64] . Subcaste differences in macroscopic and cellular neuroanatomy may interact with neuromodulators to generate specialized behaviour in social insects. In O. smaragdina, the relative sizes of brain compartments that function in the primary processing of olfactory signals and cues and visual information are larger in majors, reflecting their subcaste-specific sensory ecologies (J.F.K & J.F.A.T. 2015, unpublished data). OA receptor expression is likely widespread throughout the neuropil [65] , and receptor expression density, which varies by brain region, could correlate with social role [66] . Differences in relative investment in brain regions may therefore affect OA receptor profiles and consequently OA-regulated tasks. The association of serotonergic circuitry with subcaste behavioural differentiation in the dimorphic ant Pheidole dentata supports this model. In comparison to minor workers, defensive majors have more 5-HT-immunoreactive cells in primary visual regions, more extensive serotonergic varicosities in sensory and integrative brain regions [67] , and more elaborate axonal arborization in a serotonergic neuron integral to sensory integration [27] . Although relationships between neuromodulators and circuit development have been described in other taxa [68, 69] , the influence of neuroanatomical differences in 5-HT circuitry on 5-HT signalling and behaviour remains to be studied in ants. In O. smaragdina, major and minor worker differences in endogenous OA titres may alter circuitry to generate subcaste-related aggression. Alternatively, workers may retain behavioural flexibility through similar distributions of OA receptors [56] that enable responses to changing titres of OA acting on neural circuits underscoring aggression, despite differences in endogenous OA titres and brain compartment sizes. Behavioural differentiation of polymorphic workers may be based on variation in neuromodulator levels that produce worker size-related task responsiveness and thus distributed intelligence at the colony level. 
